The motivation of this study was to address the urgent clinical problem related to the inability of magnetic resonance (MR) imaging measures to differentiate tumor progression from treatment effects in patients with glioblastoma multiforme (GBM). While contrast enhancement on MR imaging (MRI) is routinely used for assessment of tumor burden, therapy response, and progression-free survival in GBM, it is well known that changes in enhancement following treatment are nonspecific to tumor. To address this issue, the objective of this study was to investigate whether MR spectroscopy can provide improved biomarker surrogates for tumor following treatment. High-resolution metabolic profiles of tissue samples obtained from patients with GBM were directly correlated with their pathological assessment to determine metabolic markers that correspond to pathological indications of tumor or treatment effects. Acquisition of tissue samples with image guidance enabled the association of ex vivo biochemical and pathological properties of the tissue samples with in vivo MR anatomical and structural properties derived from presurgical MR images. Using this approach, we found that metabolic concentration levels of [Myo-inositol/total choline (MCI)] in tissue samples are able to differentiate tumor from nontumor and treatment-induced reactive astrocytosis with high significance (P < .001) in newly diagnosed and recurrent GBM. The MCI index has a sensitivity of 93% to tumor in recurrent GBM and delineates the contribution of cellularity that originates from tumor and astrocytic proliferation following treatment. Low levels of MCI for tumor were associated with a reduced apparent diffusion coefficient and elevated choline-N-acetyl-aspartate index derived from in vivo MR images.
M agnetic resonance imaging (MRI) is routinely used in the diagnosis, characterization, and clinical management of glioblastoma multiforme (GBM). 1 Currently, contrast enhancement on standard anatomic MRI in conjunction with clinical evaluation is the key determinant of response to therapy and evaluation of tumor recurrence for GBM. 2 Contrast enhancement on MRI is indicative of bloodbrain barrier breakdown, which is associated with tumor growth. However, changes in contrast enhancement in patients who have received treatment is nonspecific to tumor since it could be the result of disruptions in the vasculature caused by radiation necrosis, surgical trauma, and antiangiogenic therapies that can result in a decrease in contrast enhancement. Strategies that rely on enhancement to evaluate therapy response or ascertain progression-free survival can therefore lead to erroneous interpretations. While pathology and immunochemistry of biopsies provide detailed molecular analysis for recurrence, they have not been able to predict clinical and imaging behaviors, likely due to tissue heterogeneity, sampling error, and inability to perform tissue samplings at the time of progression. 3, 4 As yet, there are no definitive imaging indications of treatment effects so that proliferation of reactive astrocytes in response to surgical trauma and various therapeutic modalities remains indistinguishable from tumor growth in standard MRI. Timely and accurate clinical decisions at recurrence can have a positive impact on patient prognosis and quality of life. However, making accurate assessments of tumor burden or treatment response is still a critical challenge for patients with brain tumors.
The morphological and physiological characteristics of the tumor are significantly altered with radiation treatment and molecular therapies that target the vascular properties of the tumor. MR spectroscopy (MRS) provides biochemical markers that are linked with biological pathways of structure and function. Spectroscopic findings from tissue samples were found to associate well with pathological characterization 5 and genetic expression 6 of tumor tissue, suggesting that valuable information related to tumor pathogenesis is encoded in metabolic profiles. Studies 7 have shown that high-resolution magic angle spinning (HR-MAS) produces well-resolved spectra of cellular metabolites in intact tumor samples. Owing to the higher magnetic field strength (.11 Tesla) of HR-MAS systems, the sensitivity of this MRS technique is greatly enhanced, increasing the number of detectable metabolites that are present in low concentrations. The greater spectral resolution with increasing magnetic field strength also enhances the quantification precision. 8 The objective of this study was to establish MRS markers with sensitivity to differentiate tumor from treatment effects by directly correlating the metabolic profiles with pathological assessment of tissue samples obtained from patients with GBM. The hypothesis was that increasing the number of detectable metabolites with HR-MAS and performing a direct association with pathological assessment of paired tissue samples would enhance the likelihood of finding MRS markers that are accurate surrogates for pathological indications of tumor or treatment effects. Our image-guided studies further extend this association by linking the ex vivo biochemical and pathological properties of the tissue samples with their in vivo MR anatomical and structural properties. Examining the biochemical, pathological, and imaging properties of the tumor region in a unifying study design is a unique and powerful approach and is anticipated to provide sensitive and accurate biomarkers to differentiate tumor progression from nontumor and treatment effects in GBM.
Materials and Methods
Towards achieving the objective of this study, the following approach was used: to develop metabolic markers with the potential to differentiate tumor from reactive astrocytosis, we first evaluated the differences in the MRS profile of tissue samples that were pathologically confirmed to have cellularity primarily from tumor or abundant astrocytosis without tumor. To study astrocytosis, tissue samples were obtained from surgeries of epilepsy patients since these are likely to display significant astrocytosis with various cellular densities without tumor. This is referred to as the nonimageguided study in this study.
Next, the behavior of the HR-MAS markers determined in the nonimage-guided study to have the potential to differentiate tumor from reactive astrocytosis was investigated in correlative studies with HRMAS and pathological analysis of paired image-guided tissue samples acquired from tumor regions in patients with newly diagnosed and recurrent GBM. Finally, the anatomical and diffusion parameters from the region containing the biopsy location were obtained from presurgical MR images. These in vivo MR imaging parameters were associated with the HR-MAS and pathological parameters of the tissue sample to investigate the relationship of ex vivo measures with known in vivo MR imaging measures of tumor presence. These studies constitute the image-guided studies in this study.
NonImage-Guided Study
Ten tissue samples with confirmed pathological indications of tumor and epilepsy were investigated. The pathologist (S.R.V.) analyzed these samples to determine the extent of tumor or reactive astrocytosis. All tumor samples were confirmed to have greater than 75% tumor, with 6 samples indicating at least 90% tumor. All samples from patients with epilepsy had mild-to-moderate, diffuse-to-focal astrocytosis. These samples were obtained from the Tissue Bank and are independent from the dataset used in image-guided studies.
Image-Guided Study
Tissue samples ( 2 mm 3 ) were obtained from tumor regions with image guidance from patients with newly diagnosed and recurrent GBM following surgery and treatment. Data from 48 tissue samples from 28 patients with newly diagnosed GBM and 52 samples from 29 patients with recurrent GBM are included in this analysis. Biopsy targets were chosen during presurgical planning based on their physiological, metabolic, and imaging characteristics to represent tumor. 9 All samples were obtained after opening the dura and prior to or during tumor resection based on the location of the planned target. Some biopsy targets were unplanned and acquired from tumor regions at the discretion of the surgeon. Multiple tissue samples were obtained for some patients. In all of these cases, the location of the tissue acquisition was noted so that correlative ex vivo/in vivo imaging analyses could be performed. Samples were obtained during surgery with informed consent and approved by the Committee on Human Research. A biological use authorization was obtained prior to scanning these samples with HR-MAS at the NMR facility.
Association of HR-MAS Spectra with PathologyPathological analysis was performed on each image-guided tissue sample whose paired frozen tissue counterpart was used to collect ex vivo MRS data with HR-MAS. In addition to using the H&E stain to ascertain cellularity and the presence of tumor, the samples were stained with glial fibrillary acidic protein (GFAP: Dako #A0334) to assess the presence of astrocytic phenotypes. To determine the extent of reactive astrocytosis in each sample from recurrent GBM, an assessment of the relative contribution of reactive astrocytes and tumor cells to the overall cellularity of the sample was made based on a combination of the cytoarchitecture and immunohistochemistry for GFAP. This combination of parameters was essential, as both reactive astrocytes and tumor cells can express GFAP but with typically distinct cytoarchitectural features. Slides stained for H&E and GFAP were scored in a blinded fashion (J.J.P. and S.R.V.).
H&E stained slides for samples obtained from patients with newly diagnosed GBM were given a tumor cellularity score based on the density of the tumor cells. A score of 0 denoted neuropil without tumor, a score of 1 indicated an infiltrating tumor margin containing a detectable but not abundant number of tumor cells. A score of 2 denoted a more cellular infiltrated zone, and a score of 3 denoted a highly cellular tumor. For the analysis in this manuscript, samples with a tumor cellularity score of 0 or 1 were grouped together as nontumor and those with a score of 2 or 3 were grouped as tumor.
GFAP-immunostained slides obtained from patients with recurrent GBM were assigned 1 reactive astrocytosis score per slide based on the pattern and cytoarchitecture of GFAP immunostained cells. The score reflected the extent of reactive astrocytosis in the sample relative to tumor. A score of 0 denoted that reactive astrocytosis contributed an insignificant amount to the cells present; a score of 1 was used to denote that reactive astrocytosis contributed a minor component to the cellularity present. A score of 2 indicated that a major component of cellularity was due to reactive astrocytosis, and a score of 3 denoted that reactive astrocytosis contributed to most of the cellularity present. For the analysis in this manuscript, recurrent GBM samples with an astrocytosis score of 0 or 1 were considered to be tumor and those with a score of 2 or 3 were considered in the category of reactive astrycytosis.
Association of HR-MAS Spectrum with In Vivo MR Imaging Metrics
The BrainLab (Vector Vision) neuro-navigational system that was used to perform the image-guided surgery allowed the registration of the patient coordinate system with the presurgical imaging data. Using the coordinates of the location of tissue biopsy relative to MR imaging, it was possible to derive the anatomical, diffusion, and spectroscopic parameters for the tumor region containing biopsy site (Fig. 1) . In some cases, the biopsy location of the acquired tissue sample was not within the in vivo MR spectroscopic imaging (MRSI) volume.
Data Acquisition and Analysis-High-Resolution
Magic Angle Spinning. Samples were weighed and placed in custom designed 35-mL leak proof zirconium rotors. HR-MAS data were acquired at 11.7 T, 18C, and 2250 Hz spin rate using a Varian INOVA spectrometer and a 4-mm gHX nanoprobe. Quantitative 1D spectra were acquired with the Carr-PurcellMeiboom-Gill sequence; TR ¼ 4 s; TE ¼ 144 ms; 512 scans; 35-minute acquisition, 40 000 points, 20 000 Hz spectral width. The electronic reference to access in vivo concentrations (ERETIC) 10 method was used as a quantification standard. Basis set spectra of 42 metabolites in solution were incorporated into a custom version of the QUEST 11 fitting routine. Concentrations were calculated relative to the peak area of the ERETIC signal and were included in the final analysis only if the Cramer-Rao error estimate was within 10%.
In Vivo MR Imaging The 1.5 and 3 T MR spectroscopic images were acquired over a 3D volume that covered as much of the tumor region as possible. The acquisition parameters were: TR/TE ¼ 1104/144 ms, 1 cm 3 nominal spatial resolution, 16 × 16 × 16 phase encoding matrix with flyback gradient 12 trajectory in the superior-inferior direction to reduce the acquisition time to 9 minutes. Following postprocessing, data were voxel shifted so that the biopsy location was at the center of the spectroscopic voxel. In some cases, patients opted out of the MRSI scan. The choline (Cho) to N-acetyl-aspartate index (CNI) associated with the voxel containing the biopsy site was obtained using custom analysis procedures. 13 Six directional diffusion weighted images 14 were acquired with the EPI sequence: TR ¼ 8000 ms, TE ¼ 80 ms, matrix size ¼ 256 × 256, and b ¼ 1000 s/mm 2 slice thickness ¼ 5 mm. The apparent diffusion coefficient (ADC) was calculated on a pixel-by-pixel basis using software that was developed in house and was based on published algorithms. 15 The ADC at the site from where the tissue was acquired was computed from a 5-mm spherical region of interest drawn at the biopsy location on the diffusion map. Normalized ADC (nADC) was obtained relative to the mode of the histogram from the whole-brain tissue mask that represents the median normal-appearing white matter (NAWM) values.
Statistical Analysis
The association between MRS markers and pathology assessment was evaluated using the unpaired Student's t-test assuming unequal variances. To account for inflation of Type I error due to assessments of multiple markers, a significance level of P , .01 was used to declare statistical significance. Data from the nonimageguided study were used to develop ex vivo MRS concentration cutoffs for tumor and astrocytosis. A receiver operator characteristic (ROC) curve was constructed using these data with the STATA software to determine the optimal concentration cutoff associated with the highest correct classification rate. This cutoff was used in the image-guided study to derive the sensitivity of MRS markers to tumor. In general, we found significant variability in the metabolite concentrations as well as pathology scores for the different samples from an individual patient. As such, the samples were assumed to be independent observations in the analysis and no formal statistical technique was undertaken to adjust for patient effect. Table 1 shows the HR-MAS spectroscopy metabolites that were most different between tumor and epilepsy samples. There is an increase in myo-inositol (mI), creatine (Cr), and NAA in epilepsy samples, representing astrocytosis relative to tumor samples. Alanine, glycine (Gly), and phosphatidylethanolamine (PE) were increased in tumor samples. The total Cho level, that is the sum of free Cho, glycerophosphocholine (GPC), and phosphocholine (PC), was not different between tumor (1.3 + 0.7, mmol/kg) and epilepsy (0.8 + 0.4) (mmol/kg) samples. Figure 2 illustrates a spectrum from a sample confirmed with pathology to have 100% tumor (black) and a sample with subpial astrocytosis (red). There is a notable elevation in mI in the latter case. In this study, several metabolic markers, alanine, Cr, Gly, mI, PE were found to be different between tumor and epilepsy, but these differences did not reach statistical significance in this data set. Reduced NAA in tumor samples is consistent with the pathological assessment of significant tumor presence in these samples and elevated NAA levels in epilepsy is due to the origin of these samples from white and gray matter regions. As such, the significant differences in NAA are reflective of the origin of these samples and not necessarily due to pathological Fig. 1 . Association of HR-MAS spectrum with in vivo MR imaging metrics. Outline of the procedure for obtaining in vivo MR parameters corresponding to tissue sample locations for the image-guided study. BrainLab Software was used to obtain the coordinates of the sample location (circle) at the time of surgery for each individual patient. Since these locations were provided in imaging coordinates, it was possible to derive the corresponding anatomical, diffusion, and spectroscopy parameters at this location. There is a good association between parameters derived from the ex vivo and in vivo MR measures (shaded box). A clear correspondence was seen in the Cho levels between the ex vivo and in vivo studies, although given the poor resolution of 3 T MRS, the composition of elevated Cho as originating from a GPC is not clear. Please note that since the in vivo spectrum was acquired at a long TE ¼ 144 ms, metabolites such as mI were not measured due to their short T2 relaxation times. Hence future studies will develop a short echo MR spectroscopic imaging acquisition to detect mI and evaluate MCI in clinical studies.
Results

NonImage-Guided Study
differences between tumor and astrocytosis. The mI to total choline index [MCI ¼ mI/(Choline + GPC + PC)] was found to differentiate between tumor and epilepsy with high significance (P , .001). Since epilepsy samples were confirmed to have significant astrocytosis and mI is a glia-specific marker, 16 these studies indicate that MCI has the potential to differentiate between tumor and astrocytosis. A ROC curve generated with these data determined that an MCI cutoff of 2.6 corresponds to 100% sensitivity to tumor, with 94% of the samples correctly classified based on pathology. Hence, this cutoff was used as the MCI level for tumor in the image-guided analysis.
Image-Guided Study
Association of MCI with Pathological Assessment- Figure 3 compares MCI with the H&E tumor cellularity scores for all samples from patients with newly diagnosed GBM. MCI levels in tumor samples (cellularity 5 3) are significantly lower (P < .001) than nontumor samples (cellularity 5 0 or 1). This is consistent with the nonimage-guided studies that demonstrated that lower MCI represents tumor. Figure 4 illustrates the MCI and astrocytosis score from 2 samples with increased cellularity in the H&E stain acquired from the same patient with recurrent GBM. Based on the nonimage-guided study, an MCI of 2.8 in (A) corresponds to the HR-MAS cutoff for reactive astrocytosis. This is consistent with an astrocytosis score of 3, signifying that the majority of tissue cellularity is attributable to reactive astrocytes rather than tumor. Conversely an MCI of 0.9 (B) corresponds to an HR-MAS cutoff for tumor and is consistent with an astrocytosis score of 0, signifying that the majority of tissue cellularity is from tumor. This indicates that levels of MCI are able to differentiate between cellularity that originates from reactive astrocytosis and tumor. Of the 29 recurrent tumor samples that had an astrocytosis score of 0 or 1, indicating primarily tumor, 27 samples had an MCI <2.6, suggestive of tumor. Using pathological assessment as a gold standard, this results in a sensitivity of Cr, creatine; Gly, glycine; mI, myo-inositol; PE, phosphatidylethanolamine; NAA, N-acetyl-aspartate; MCI, mI total choline index; GPC, glycerophosphocholine; PC, phosphocholine. High-resolution magic angle spinning (HR-MAS) spectroscopic markers were found to be significantly different between tumor and epilepsy samples, with confirmed pathology indications of tumor and reactive astrocytosis, respectively. Ten tumor samples with .75% tumor (6 samples .90% tumor) and 10 samples from epilepsy patients with pathology indicating focal/diffuse, mild-to-moderate astrocytosis from white/gray/cortical regions were included in this nonimage-guided study. The MCI was found to be a singular marker that differentiated between these samples with high statistical significance (P , .001) and is a potential biomarker for differentiating tumor from astrocytosis. MCI to tumor of 93%. Figure 5 compares the MCI with the astrocytosis score for all samples acquired from patients with recurrent GBM. There is a statistically significant (P < .001) difference in the MCI levels between samples with reactive astrocytosis scores for tumor (50) and reactive astrocytosis (53). As anticipated from our nonmage-guided study, tumor samples have a lower MCI relative to samples with a predominant astrocytic component. It was observed that mI or total Cho by itself was not different between these cases. Hence differences in MCI are driven by the relative concentration of mI and total Cho in each sample. Based on these studies, we conclude that levels of MCI can differentiate tumor from nontumor and treatment-induced reactive astrocytosis in GBM.
Association of MCI with In Vivo MR Imaging
Metrics-There is a significant inverse (r 5 20.60) relationship (Fig. 6A ) between MCI derived from ex vivo HR-MAS spectrum of the tissue sample and CNI obtained from the in vivo MRSI voxel containing the location from where the tissue was acquired. Low levels of MCI are associated with elevated CNI, as measured with in vivo MRSI. A similar relationship was also found between the ratio of total Cho to NAA and MCI derived from the ex vivo HR-MAS spectrum for each sample. Figure 6B illustrates the significant (P < .001) positive (r 5 .52) relationship between MCI obtained from HR-MAS spectrum of the tissue sample and nADC derived from the region where the sample was acquired. These findings illustrate that levels of MCI for tumor derived from HR-MAS spectrum of the tissue sample are consistent with elevated CNI and reduced ADC, which have been shown to indicate tumor in in vivo MR imaging studies. 17, 18 Finally, tissue samples acquired from regions with increased contrast enhancement (nCE >1) in patients with newly diagnosed GBM had significantly lower MCI (Fig. 7) , which is consistent with tumor presence within enhancing regions. This relationship was not found to be true for samples acquired from patients with recurrent GBM. This highlights the lack of association of contrast enhancement to tumor in recurrent GBM and the need for additional markers for tumor following surgery and treatment.
Discussion
The motivation of this study was to address the urgent clinical problem related to the inability of MR imaging measures to differentiate tumor progression from treatment effects in patients with GBM. Contrast enhancement on anatomical MR imaging has proven to be an inadequate surrogate of tumor presence primarily because it has not been linked with biological mechanisms of tumor growth and response. Its lack of association with the pathogenic condition is worsened following treatment. Antiangiogenic and cytostatic therapies affect the morphological and physiological characteristics of the tumor that impact observable MR intensities, such as contrast enhancement, in complex ways that are as yet not well characterized or understood. Hence contrast enhancement following such therapies does not provide an accurate assessment of tumor burden or progression-free survival. The goal of this study was to investigate whether MRS can provide improved biomarker surrogates for tumor following treatment.
A tumor region is characterized by cellular proliferation due to rapidly dividing tumor cells. The MRS total Cho level has been associated with increased cell membrane turnover and shown to correlate with cellular density. 19 Maximum Cho levels were shown to differentiate 20 low-and high-grade brain tumors with proton MR spectroscopic imaging ( 1 H-MRSI) 15 . Reactive astrocytosis is a normal cellular reaction to tumor growth and treatment. Reactive astrocytes, macrophages, and activated microglia populate regions adjacent to an aggressively infiltrating tumor mass and are commonly dispersed within the "reactive stroma" of a treated tumor. The presence of reactive astrocytosis may therefore be a biomarker surrogate for treatment effects and contribute significantly to cellularity following treatment. High concentrations of mI have been found in astrocytes and were related to activation of glial cells in vitro. 16 Free intracellular mI is an osmolyte 21 and during periods of osmotic stress, balance is preserved by regulation of mI transport across the plasma membrane. 22 Many diseases that are characterized by astrocytic proliferation and demyelinization such as Alzheimer's disease 23 and multiple sclerosis 24 are associated with increases in mI. It has been argued 25 that mI might be used as an indicator of response of normal tissue to tumor infiltration. Studies 26 have shown a trend toward lower mI levels in anaplastic astrocytomas and GBMs compared with low-grade astrocytomas. Given these findings, it is anticipated that inclusion of mI would be important for developing a diagnostic tool for differentiating tumor from treatment effects in GBM.
The approach in this study was to use pathological assessment as a gold standard to confirm the presence of tumor or treatment effects and find metabolic markers that are consistent with this assessment. While studies have shown the potential of MRS measures as biomarkers for tumor pathogenesis, a correlative pathological assessment as in this study is important to validate the tumor biology represented by metabolic markers. Using epilepsy samples in the nonimage-guided study enabled the investigation to be focused primarily on observable metabolic differences likely to represent Elevated ADC is generally associated with edematous or nontumor regions, which is consistent with high MCI for nontumor in these regions. Fig. 7 . Comparison of MCI with contrast enhancement. MCI was lower in regions with increased nCE in patients with newly diagnosed GBM. This is consistent with regions of contrast enhancement being associated with tumor in newly diagnosed GBM. This was not observed in samples acquired from patients with recurrent GBM. This suggests that enhancement is not an accurate surrogate for tumor presence following treatment, highlighting the need for new tumor markers in recurrent GBM. Srinivasan 
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NEURO-ONCOLOGY † N O V E M B E R 2 0 1 0 reactive astrocytosis and not confounded by tumor pathogenesis. Correlating MRS-pathological parameters in paired image-guided tissue samples enabled a direct association of biochemical and morphological assessment of tumor tissue. The nonimage-guided study provided an independent data set to derive MRS concentration cutoffs that represent tumor and reactive astrocytosis. The findings in this study were consistent with known biochemical mechanisms of tumor pathogenesis. MRS studies have demonstrated relationships between Cho, PC, GPC, Gly and tumor grade and biologic aggressiveness. 27 -29 Increase in alanine in tumor samples can be linked with its role in tumorigenesis in GBMs. 30 Cho kinase activity has been implicated in the pathogenesis of several tumors and has a role in the transformation of normal to a malignant phenotype. 31 Relative levels of PC and GPC enable discrimination of low and high-grade glioma. 32 The Cho kinase enzymes are implicated in the synthesis of PE, which was shown to be elevated in transformed cells or tumor samples using 31 MRS 33 . Cr are reflective of cellular energy metabolism and are decreased in tumor relative to normal tissue. While mI itself provides marginal differentiation between astrocytosis and tumor, constructing the ratio of mI with total Cho to generate MCI highlights this distinction because it normalizes the effect of astrocytosis by the total cellularity and represents the dominant contribution of a region that could have both tumor and astrocytosis. While the ability of mI to represent astrogliosis has been suggested in prior studies, 25 to our knowledge this is first study to perform direct pathological-MRS correlative studies to demonstrate this relationship.
The MRS-pathological correlative studies in this manuscript are in excellent concurrence. Overall, the findings of the image-guided study are consistent with the nonimage-guided study and provide further confirmation of MCI levels to differentiate tumor from nontumor (Fig. 3 ) in newly diagnosed GBM and reactive astrocytosis (Fig. 5 ) in recurrent GBM. Figure 4 illustrates that MCI levels are able to characterize the increased cellularity in a recurrent tumor region as originating from reactive astrocytosis or tumor cells. Both the samples in Fig. 4 were acquired from the same recurrent GBM patient, and the diverse properties of the samples highlight the significant biological heterogeneity of the tumor region in these patients. MCI demonstrated high sensitivity ( 93%) for tumor in recurrent GBM, which is remarkable considering the small sample size, heterogeneity of GBM and treatments, and the fact that only a fraction of samples had scores for both pathology and MRS due to analysis thresholds for quality checks. The average MCI for nontumor or astrocytosis samples (Figs 3 and 5) was more than 2.5 times or greater than 2 standard deviations of the MCI for tumor samples in these analyses. This illustrates that the differentiation of tumor and nontumor using this index can be made with strong statistical significance and confidence for patients with GBM. In both imageguided and nonimage-guided data sets, total Cho levels were not found to differentiate between tumor and reactive astrocytosis. This supports our hypothesis that since both tumor and reactive astrocytic proliferation can result in increased cellularity they are indistinguishable by total Cho measurements that represent cell density. While the components that contribute to the Cho peak, that is, GPC or PC, may be different in tumor and astrocytosis due to low resolution of an in vivo MRSI spectrum at 1.5 and 3.0 T, only total Cho measurements can be made in clinical studies. Hence total Cho in in vivo MRSI may not be able to differentiate tumor from treatments effects. An inherently lower level of mI in GBMs compared with low-grade astrocytomas 26, 34 and an increased presence of reactive astrocytosis from normal brain processes following treatment further contribute to the sensitivity of MCI in GBM.
The concurrence of MCI to in vivo measures of tumor in the image-guided study further strengthened its role as a potential marker to differentiate tumor from nontumor and astrocytosis. MCI is consistent with the increased presence of astrocytosis following treatment since there are more samples with elevated MCI in samples obtained from patients with recurrent GBM (Fig. 6A : solid circles) compared with patients with newly diagnosed GBM (Fig. 6A : open circles). Regions with relatively high ADC are generally associated with edema or nontumor and are consistent with elevated MCI, representing astrocytosis in these regions (Fig. 6B) . Despite the strong correlation between CNI and MCI (Fig. 6A) , it is noted that MCI provides an independent characterization of the tumor region. As constructed, CNI in an in vivo spectrum is driven by the extent of neuro-axonal loss (NAA) in a tumor region. In regions of extensive neuro-axonal loss due to tumor growth and significant production of GPC and PC by viable tumor cells that contribute to total Cho, CNI is a strong indicator of tumor presence, and these regions will also have a low MCI. However, in regions that have moderate presence of NAA such as residual tumor regions following treatment, MCI is able to differentiate residual tumor from reactive astrocytosis. Since residual tumor regions are of primary interest in evaluating tumor progression or progressionfree survival, the ability of MCI to differentiate these regions will be important for the evaluation of therapy response. These findings also suggest that biochemical properties measured with MRS maintain their sensitivity to tumor metabolism following targeted and focal therapies and provide improved surrogates for tumor presence following treatment.
Since the in vivo MR spectroscopic measure of CNI has been used to locate tumor regions in GBM, 17 during the course of the analyses a direct comparison of the ability of MCI and CNI in the same tumor sample to predict pathological assessment was attempted. However, a significant proportion of the samples did not have any NAA, which was consistent with image-guided tissue acquisition primarily from tumor regions guided by anatomic, diffusion, perfusion and spectroscopic imaging definitions of tumor presence. Hence, it was difficult to compare the relative abilities of CNI and MCI in predicting tumor from treatment effects in GBM. Future short-echo MR spectroscopic imaging studies will provide mI, NAA, and Cho. This will allow a prospective evaluation of tissue samples acquired from regions of presumed tumor and reactive astrocytosis based on CNI and MCI and enable a direct comparison of these indices in predicting these pathological states. Figure 7 illustrates that MCI follows the anticipated relationship with contrast enhancement in newly diagnosed GBM. Low MCI for tumor is associated with increased enhancement and elevated MCI for nontumor is found in samples originating in regions with decreased enhancement. However, this relationship between MCI and contrast enhancement is not found in samples from recurrent GBM. For untreated newly diagnosed GBM, contrast enhancement is a fairly good indicator of tumor presence since it is the result of disruption of the blood-brain barrier from tumor growth. Hence low MCI for tumor correlates well with increased contrast enhancement in newly diagnosed GBM. Patients with recurrent GBM have undergone surgery, radiation, and/or antiangiogenic therapies. Posttreatment enhancement in these patients can result from disruption of vasculature from these treatments and not exclusively from tumor presence. 35 This results in a weaker relationship of MCI with contrast enhancement in recurrent GBM and highlights the need for alternative surrogates for tumor presence following treatment.
The potential for making an in vivo measurement of the MCI enhances the clinical relevance of this index. Robust measurements of mI 36 in association with other metabolites, such as Cho, Cr, and NAA, can be made at 3 T with short-echo MR spectroscopic imaging (MRSI). This MRSI acquisition can be integrated in clinical research MR protocols for patients with GBM undergoing treatment to enable a prospective evaluation of MCI in an independent imageguided data set. The ability to provide a noninvasive, accurate tumor classification, particularly for recurrent GBM without having to perform tissue acquisition and pathological analysis is very powerful for clinical diagnoses and evaluation of disease progression in longitudinal studies. Optimizing the in vivo acquisition of MCI, prospective evaluation of MCI, and correlation of in vivo MCI to clinical outcome to ascertain the prognostic value and biological relevance of this MR spectroscopic index will be investigated in future studies.
Conclusions
Using ex vivo spectroscopy of tissue samples in association with pathological analysis and in vivo MR imaging measures, we have demonstrated the ability of an MR spectroscopic index to differentiate tumor from nontumor and treatment effects in GBM. The findings of this study have shown that low levels of MCI are a reliable indicator of a proliferating tumor region, and elevated MCI represents nontumor or treatmentinduced reactive astrocytosis. The availability of an MR diagnostic tool for tumor assessment following treatment for patients with recurrent GBM will have a significant impact in making accurate clinical care decisions for patient management and evaluation of response in clinical trials of new therapies.
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